Pedicularis L. belongs to the family Orobanchaceae (Angiosperm Phylogeny Group, 2003) and most of its members are root hemiparasites that partially depend on host plants for nutrients (Tsoong, 1963) . The genus is mainly distributed in frigid, highlatitude, and alpine belts in the north temperate zone (Yang et al., 1998) . As one of the largest genera of angiosperms in the northern hemisphere (%600 species worldwide) and with dramatic morphological diversity (Ree, 2005) , Pedicularis species have long been valuable materials for biological research, particularly pollination biology (Macior, 1975 (Macior, , 1983 Macior and Tang, 1997; Wang et al., 2003) . Along with striking shapes and colors, they have a long flowering period (2-3 months on average), giving them a great potential for being developed into popular ornamental plants. Furthermore, chemical constitutes of many Pedicularis species are shown to have special pharmacological effects (Wang and Jia, 1995; Wu et al., 2002; Zhu, 1997) .
Unfortunately, although widespread in natural habitats, no successful cultivation of Pedicularis has ever been achieved. Although they are abundant in the wild, studies of these plants are limited and their utilization is greatly hindered because their habitats are not easily accessible and it is difficult to collect materials. What makes things worse is that some species have been listed as threatened or endangered and are in dire need of immediate protection (Allard, 2001; Canadian Endangered Species Conservation Council, 2002; Marvier and Smith, 1997) . Thus, conservation of biodiversity also calls for successful introduction and cultivation of Pedicularis L.
In the process of seeking solutions for cultivation, large numbers of seedlings are needed. However, seeds of this genus often germinate slowly, nonuniformly, and in low percentages (Jensen, 2004; Kaye, 1997; McDonough, 1970) . Therefore, effective methods must be found to obtain uniform and rapid germination with a high percentage of germination.
In this study, our aim was to determine the optimal conditions for seed germination of eight Pedicularis species, based on their responses to light and several artificial treatments. Knowledge of the effects of these treatments on seed germination of these eight species will ensure that enough plants can be produced for further study of cultivation and thus contribute to the success of their domestication.
Materials and Methods
Study species, seed collection, and storage. To guarantee sufficient seeds for germination tests, eight Pedicularis species with large populations from the northwestern Yunnan Province in China were chosen as test species (Table 1) . We noticed that the plants of P. longiflora Rudolph growing in Baimaxueshan were much shorter than those growing in Zhongdian, often two to three times shorter in height. Accordingly, seeds of this species collected from both sites were studied to examine whether there would be differences in germination characteristics between the seeds from the two localities. Among these eight species, P. rex C.B. Clarke and P. longiflora are valuable materials for Chinese traditional herbs (Wu et al., 2002) . The rest of the species are promising ornamental plants. According to Tsoong (1963) , all eight species are perennial herbs except for P. longiflora and P. pseudomelampyriflora Bonati, which are annual herbaceous species. These species are commonly distributed in alpine/subalpine meadows. Most of them prefer humid habitats, although some species (P. dichotoma Bonati) are often found in dry calcareous grasslands and some (P. longiflora, P. cephalantha Franch., and P. siphonantha Don) are frequently found in swampy places. Seeds of these tested species often mature from August to September in northwestern Yunnan Province. In our experiments, seeds of eight Pedicularis species (including nine accessions) were collected from Aug. to Nov. 2004. Species identification was based on morphological characteristics described in Flora Reipublicae Popularis Sinicae (Tsoong, 1963) . Seeds were allowed to dry at room temperature for about half a month and were stored in paper bags at 4°C in a refrigerator until used. Germination experiments were conducted in Dec. 2004.
Experimental setup. All germination tests were carried out on three layers of filter paper saturated with distilled water in transparent glass Petri dishes. To guarantee constant moisture in the dishes, they were connected to an extra dish filled with distilled water by a filter paper band. Two light regimes (16 h light/8 h dark and complete darkness) and three artificial treatments were used in our experiments. For the treatment in darkness, the dishes were put into a paper box wrapped with aluminum foil. For artificial treatments, seeds were either scarified by rubbing against 120-grit sandpaper until the seed coat was penetrated or was soaked in gibberellic acid (GA 3 ; 100 and 500 mgÁL , 400-700 nm) at 25°C and 8 h dark at 18°C. This temperature and light regime was chosen based on the temperature and light found to produce optimal germination in other studies of high-elevation species (Giménez-Benavides et al., 2005; Li et al., 1997) . Each treatment consisted of three replications of 20 seeds.
Germination counts. Seeds were considered germinated when the radicle reached to half the length of the seed. Germination was monitored at 2-d intervals for analysis of the germination dynamics of individual species. Dark-treated germination counts were conducted under a green safelight in a dark room. Germination percentage was used as a parameter for analysis in this study and was calculated by the following equation:
Germination percentage = (number of germinated seeds/ total number of seeds tested) · 100
In one of the three replicates of P. tenuisecta Franch., 100% of the seeds germinated after 10 d of incubation. Thus, germination percentage on the 10th day was used to analyze the effects of different treatments on seed germination and variation among various species. However, germination counts were continued until the 12th day for a better analysis of germination dynamics of the tested species.
A cut test was conducted at the end of the tests to assess the health of ungerminated seeds. Seeds with a plump, firm, and white embryo were considered viable (Kenny, 2000) .
Statistical analysis. All germination percentage data were arcsine transformed before statistical analysis. One-way analysis of variance was performed using SPSS version 14.0 (SPSS China Ltd., Shanghai, China) and Duncan's multiple range test was used to evaluate differences among the means. Significance was reported at P < 0.05.
Results
Four (P. rex, P. lutescens Franch., P. tenuisecta, and P. pseudomelampyriflora) of eight species were insensitive to light, with no significant difference in germination at 25°C/18°C when seeds were incubated in light or complete darkness (Fig. 1) . But in both seed sets of P. longiflora and in P. siphonantha, all seeds failed to germinate in complete darkness. Seed germination percentage of P. cephalantha was also significantly decreased when incubated in complete darkness. By contrast, in P. dichotoma germination was significantly enhanced by darkness.
Based on statistical analysis, scarifying seed coat with sandpaper resulted in significantly improved germination in all tested Pedicularis species except P. lutescens (Fig.  1) . Scarification was the most effective germination promoting method, showing a significantly positive effect in six of eight species when compared with other treatments.
With regard to the effects of GA 3 on seed germination of tested species, some inconsistencies were detected (Fig. 1) . In five cases, GA 3 either had no effect on germination or led to a decrease (P. cephalantha and P. tenuisecta). In four species [P. rex, P. longiflora (Baima), P. dichotoma, and P. pseudomelampyriflora], GA 3 led to a small significant increase in germination. However, in three of four cases this only occurred for one of the concentrations examined.
Two seed sets of P. longiflora from different sites showed similar germination characteristics in that both were significantly promoted by scarification and completely inhibited by darkness (Fig. 1) . However, the overall germination percentage in P. longiflora (Baima) was slightly higher than that in P. longiflora (Zhongdian). Also, germination of P. longiflora (Baima) was improved after treatment with GA 3 at 500 mgÁL -1 , whereas neither at 100 mgÁL -1 nor at 500 mgÁL -1 was GA 3 found to promote germination of P. longiflora (Zhongdian).
Difficulty of promoting germination with artificial treatments varied between species (Fig. 2) . For example, seeds of P. pseudomelampyriflora scarified with sandpaper gave the fastest and most uniform germination, with 100% germination after 10 d, but some species (P. longiflora and P. siphonantha) germinated at very low percentages. For most tested species, it took a rather long period of time to reach a high germination percentage. Some species germinated faster than others, but still at least 6 d were needed to reach 50% germination (Fig. 2) .
The cut test conducted on ungerminated seeds by the end of the germination tests showed that the majority had a well-developed, intact, and healthy embryo, with the exception of a few decayed ones because of fungi contamination.
Discussion
Individual species of Pedicularis varied considerably not only in their responses to different treatments (Fig. 1) , but also in their rate of germination under the same treatments (Fig. 2 ). This agrees with Song et al. (2005) , who suggested that optimal conditions for seed germination may differ in various species of the same genus. Variation of germination behavior among species may be attributed to ecological adaptation to their respective habitats (Bruna, 1999; Meyer and Kitchen, 1994; Meyer et al., 1990) . Various adaptation mechanisms may Fig. 1 . Effect of light, scarification, and gibberellic acid on germination of eight tested species of Pedicularis (including two seed sets of P. longiflora). Letters for the same species indicate a significant difference among the treatments by one-way analysis of variance and Duncan's multiple range test at P < 0.05. Absence of bars means values were zero. GA, gibberellic acid.
have been developed in different habitats during the long history of evolution, and therefore sensitivity to environmental factors (such as light) varies (Baskin and Baskin, 1971; Meyer and Monsen, 1991) . In our experiments, all the species with germination inhibited significantly by darkness were collected from swampy habitats. According to Grime et al. (1981) , many wet-habitat species require light for germination compared with ''dryish'' habitat species. The requirement for light may be an adaptation to a waterlogged habitat, in which seed germination is triggered in nature only by sufficient light exposure so that seeds will not germinate in dim light conditions (such as deep water), thus preventing seedlings from being submersed by deep water that may cause great mortality. On the contrary, seed germination of P. dichotoma was promoted by darkness, which may be explained by its dryish calcareous habitats in which seedling survival over the dry season is enhanced when the seeds germinate below the soil surface. We are not alone on this point. In their experiments with some Western Australian species, Bell et al. (1999) found that perennial species from habitats with sand or gravel-dominated soils showed negatively photoblastic responses. In terms of artificial germination promoting treatments, although previous studies on other Pedicularis species suggested a promoting effect from GA 3 (Evans et al., 2001) , scarification with sandpaper was more effective than treatment with GA 3 in our experiments. This may be the result of the removal (or partially removal) of the seed coat and other seed structures that otherwise inhibit the absorption of light or water (Pezzani and Montaña, 2006) . However, our results do not exclude the possibility that application of higher concentrations of GA 3 may have a significant germination-promoting effect on some species, and it is possible that GA 3 would have promoted germination if it had been combined with a scarification treatment. According to Cochrane et al. (2002) , the conjunction of scarification with GA 3 showed a better germination-promoting effect on some taxa of Myoporaceae, Lamiaceae, and Myrtaceae than either single treatment.
Two seed sets of P. longiflora showed similar germination characteristics on the whole. This may be the result of similar genetic systems as well as similar habitats. Although response to GA 3 treatment differed a little bit between the two seed sets, the significance of this finding is unclear because the overall germination levels were rather low in these cases. A slightly higher overall germination percentage in P. longiflora (Baima) than P. longiflora (Zhongdian) may be explained by seed quality difference between the two collecting sites.
Most Pedicularis species cannot germinate immediately after harvest, which has been ascribed to physiological dormancy, and months of cold stratification was suggested to break it (Evans et al., 2001; Li et al., 1997) . Although we do not exclude the possibility that the seeds we used may have come out of dormancy (or partially out of dormancy) after storage at 4°C for about 3 months, our findings suggest that not all species require up to several months of wetcold stratification for germination. Also, the hemiparasitic species studied in our study seemed to be independent of host plants for germination, thus differing from holoparasitic members of Orobanchaceae that germinate only in response to specific signals from host plants (Batchvarova et al., 1999; Zhou et al., 2004) .
The fact that ungerminated seeds were still viable after a period of incubation suggests a soil seed bank for some Pedicularis species that have developed such a mechanism to ensure that only a proportion of seeds germinated at one time. Thus, the remainder survive in a dormant condition, waiting for the right time and the most favorable conditions. In view of uncertain conditions for seedling development because of dramatic soil moisture and temperature fluctuation in high-elevation areas, natural selection in these areas may favor seeds with a genetic system for dormancy and delayed germination (Kaye, 1997) . Accordingly, seed dormancy and a soil seed bank strategy may be common for high-elevation plants like Pedicularis.
To conclude, scarification might be used as an effective method to promote seed Fig. 2 . Germination curves for eight tested Pedicularis species (including two seed sets of P. longiflora)
given various treatments. GA, gibberellic acid.
germination in cultivation of Pedicularis species. Because seed germination of some species was inhibited by darkness, care must be taken not to sow these species too deeply to avoid dark inhibition. Surface sowing, then slightly covering seeds with fine soil, may be a safe sowing practice unless a species is found to have negative photoblastic responses. In the process of introduction and cultivation of plants belonging to this genus, it will be important to allow sufficient time for germination to take place unless scarification treatments or other effective methods can be applied to speed up the process.
